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Glucocorticoids (GCs) regulate skin homeostasis and combat cutaneous inflammatory 
diseases, however, adverse effects of chronic GC treatments limit their therapeutic use. 
GCs bind and activate the GC receptor (GR) and the mineralocorticoid receptor (MR), 
transcription factors that recognize identical hormone responsive elements (HREs). 
Whether epidermal MR mediates beneficial or deleterious GC effects is of great interest 
for improving GC-based skin therapies. MR epidermal knock-out (MREKO) mice 
exhibited increased keratinocyte proliferation and differentiation and showed resistance 
to GC-induced epidermal thinning. However, crucially, loss of epidermal MR rendered 
mice more sensitive to inflammatory stimuli and skin damage. MREKO mice showed 
increased susceptibility to PMA-induced inflammation with higher cytokine induction. 
Likewise, cultured MREKO keratinocytes had increased PMA-induced NF-B activation, 
highlighting an anti-inflammatory function for MR. GC-induced transcription was 
reduced in MREKO keratinocytes, at least partially due to decreased recruitment of GR to 
HRE-containing sequences. Our results support a role for epidermal MR in adult skin 






The mineralocorticoid receptor (MR) and glucocorticoid (GC) receptor (GR) are 
structurally and functionally related proteins that belong to the steroid receptor 
superfamily and act as ligand-activated transcription factors (TFs) recognizing the same 
hormone responsive elements (HREs) on target genes (Viengchareun et al., 2007; 
Odermatt and Atanasov, 2009; Oakley and Cidlowski, 2013; Vandevyver et al., 2013). 
In fact, although many GC-target genes are regulated by both MR and GR in different 
cell types, the exact contribution of each receptor is largely unknown (Oakley and 
Cidlowski, 2015). 
MR can bind its physiological ligand aldosterone but also GCs (cortisol in 
humans and corticosterone in rodents) with similar affinity. Indeed, MR binds GCs with 
a 10-fold higher affinity than GR itself. Given that GC plasma concentration exceeds 
that of aldosterone by approximately 100-fold, all MR should be theoretically occupied 
by GCs (Funder, 2010; Gomez-Sanchez and Gomez-Sanchez, 2014). However, MR 
occupancy by GCs is limited by their interconversion between inactive and active 
forms, which is modulated by the enzymes 11b-hydroxysteroid dehydrogenase type 1 
and 2. Therefore, the formation of different receptor/ligand complexes in a given cell 
type will be determined by the relative expression and function of MR, GR, aldosterone 
and GCs (Oakley and Cidlowski, 2015). 
MR and aldosterone play vital roles in renal sodium and water reabsorption, as 
MR-/- mice die postnatally from severe dehydration (Berger et al., 1998). However, it is 
currently recognized that MR exerts a broader range of functions in non-classic target 
tissues (Martinerie et al., 2013; Jaisser and Farman, 2016). In fact, MR activation is 
involved in numerous pathophysiological effects including inflammation, hypertrophy, 
and fibrosis, in tissues including the renal, adipose, and cardiovascular system (Brown, 
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2013). These findings are consistent with clinical studies demonstrating that besides the 
classical use of MR antagonists for treating hypertension, pharmacological blockade of 
MR was also beneficial for patients suffering from other inflammatory and fibrotic 
diseases (Jaisser and Farman, 2016). The mechanisms mediating pathological MR 
activation include activation of the NF-B pathway and oxidative stress as well as up-
regulation of MR-targets including pro-fibrotic genes (Bauersachs et al., 2015). 
However, MR activation can be beneficial in certain circumstances by improving 
capillary density and combating inflammation through inhibition of NF-B activity 
(Messaoudi et al., 2009; Bergman et al., 2010). 
The use of GCs is widely prescribed for treating cutaneous diseases due to their 
anti-inflammatory and anti-proliferative effects. However, adverse effects caused by 
chronic GC treatments such as skin atrophy and delayed wound healing limit their 
therapeutic use (Schäcke et al., 2002; Cato et al., 2004; Pérez, 2011). While the crucial 
function of GR in skin pathophysiology has been widely characterized, the exact role of 
MR in this tissue deserves further study (Farman et al., 2010; Pérez, 2011; Farman and 
Nguyen, 2015). 
MR is expressed in epidermal keratinocytes, hair follicles, sebaceous and sweat 
glands in humans and mice (Kenouch et al., 1994; Sainte-Marie et al., 2007; Mitts et al., 
2010). We previously reported that MR reached a peak of expression at the mRNA and 
protein level in late developing embryonic skin where stratification occurs (Boix et al., 
2015). After birth, MR mRNA expression was drastically reduced (more than 10-fold in 
adult skin), and MR protein was not detectable using currently available antibodies. MR 
inactivation caused minor defects in early stages of mouse skin development; however, 
consequences in the adulthood could not be addressed due to the perinatal death of MR-
/- mice (Boix et al., 2015). 
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 In vitro studies with MR antagonists, agonists and/or its physiological ligand 
aldosterone have provided important clues about its function in skin. For instance, skin 
aging was related to up-regulation of MR since its pharmacological blockade 
suppressed inflammation and age-related changes in a mouse model of metabolic 
syndrome (Nagase et al., 2013). One caveat is that these studies cannot exclude that the 
compounds used act through other receptors besides MR (Gomez-Sanchez, 2016). For 
example, the MR antagonist spironolactone can exert certain effects independently of 
MR likely through RXR in colon carcinoma cells (Leung et al., 2013). In addition, the 
physiological MR ligand aldosterone showed receptor-dependent and independent 
actions in the deposition of dermal collagen and elastin, respectively, in human skin 
explants (Mitts et al., 2010). Overall, these evidences highlight the necessity for tissue-
specific loss-of-function models to elucidate the precise role of MR in skin 
physiopathology. 
Mice with keratinocyte-specific overexpression of either MR or GR exhibited 
strong similarities in their skin phenotypes, including atrophic skin, reduced hair follicle 
number and impaired epidermal maturation (Pérez et al., 2001; Cascallana et al., 2005; 
Sainte-Marie et al., 2007). This, along with the functional homology between MR and 
GR raised the question of whether some of the GC effects might be mediated by MR 
(Farman et al., 2010; Pérez, 2011; Farman and Nguyen, 2015). Very recently, Farman´s 
group demonstrated that topical application of a pharmacological MR antagonist 
partially reversed the GC-induced skin atrophy in human healthy skin (Maubec et al., 
2015). 
Here we report the generation of epidermal-specific MR knock-out mice 
(MREKO) and address the role of this TF in skin pathophysiology. We demonstrate that 
keratinocyte MR contributed to GC-induced epidermal thinning but not reduced 
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collagen deposition while it was required for normal keratinocyte migration. 
Mechanistically, the transcriptional response to GCs through consensus HREs involved 
both MR and GR. In contrast to the MR pro-inflammatory role in other tissues, 
epidermal MR exerted anti-inflammatory actions, similar to GR, which were mediated 
at least partially, through repression of NF-B activity. Altogether, our results 
demonstrate complex roles for epidermal MR in adult skin homeostasis and disease, 
with non-redundant roles for MR and GR in mediating GC-dependent transcription. 
 
 
RESULTS AND DISCUSSION 
Epidermal MR plays a role in adult skin homeostasis 
We have generated mice with MR inactivation restricted to epidermal keratinocytes 
(MR epidermal knock-out or MREKO mice; Fig. 1a-c). Adult MREKO mice were viable 
and fertile and showed minor skin defects including statistically significant increases in 
epidermal thickness as well as abnormal K6 staining, which correlated with increased 
keratinocyte proliferation (Fig. 1d-f). Consistently, we also detected accelerated growth 
in MREKO relative to control (CO) cultured keratinocytes (Fig. 1g). 
The epidermis of MREKO mice showed focally augmented keratinization (Fig. 
1d, arrows) and, consistently, MREKO keratinocytes showed constitutively increased 
mRNA levels of the differentiation markers Small proline rich repeat (Sprr)2d and 
Defensin beta1 (Defb1) relative to CO (Fig. 1i). When keratinocytes were induced to 
differentiate with high-calcium concentrations, there were more corneocytes and up-
regulation of Sprr2d and Defb1 genes was augmented in MREKO relative to CO cells 
(Fig. 1h, i; Hennings et al., 1980). 
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In CO cells, the expression of MR (Nr3c2) mRNA decreased around 40% upon 
calcium-induced differentiation while that of GR (Nr3c1) showed an increased trend 
(not statistically significant) indicating that these two receptors play contrasting roles 
during this process (Fig. 1i). This is consistent with the reduced up-regulation of Sprr2d 
and Defb1 detected in calcium-treated GR-deficient cells (Sevilla et al., 2015). The fact 
that GR expression did not change in undifferentiated MREKO vs CO cells suggested that 
the observed morphological and gene expression changes are due to the lack of MR and 
not to changes in GR expression (Fig. 1h, i). These findings were confirmed in vivo, 
since GR mRNA levels were also unchanged in untreated MREKO relative to CO mouse 
skin (Fig. S1a-c).  
 
MR protects against skin damage 
We evaluated whether epidermal MR inactivation had an impact in local damage caused 
by repetitive application of the irritant SDS. In CO mice, SDS induced epidermal 
thickening, K6 expression, and hyperkeratosis after 5 d of treatment (Fig. 2a). 
Importantly, MREKO mice showed overall augmented epithelial damage upon SDS 
treatment as shown by histopathological analysis as well as increased epidermal 
thickness and keratinocyte proliferation (Fig. 2a-c). Our data indicate that epidermal 
MR inactivation results in increased proliferation both in basal and pathological 
conditions. 
We assessed the expression of the calcium-binding protein S100A9, up-
regulated in various skin inflammatory conditions including psoriasis (Kerkhoff et al., 
2012), and found significant up-regulation in SDS-treated MREKO relative to CO mice 
(Fig. 2d; 6-fold increase). Since STAT3 is involved in controlling S100A9 expression 
upon diseased conditions, we also assessed the expression of total and phosphorylated 
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(p)-STAT3. Our data demonstrate four-fold increases of both constitutive and SDS-
induced STAT3 activity in MREKO vs CO mice (Fig. 2 e). Remarkably, the increased 
susceptibility to epidermal damage of MREKO mice highly resembled the response of 
GREKO mice (Sevilla et al., 2013) indicating that both MR and GR play non-redundant 
protective roles in skin. Since SDS down-regulated GR mRNA levels similarly in CO 
and MREKO mice (Fig. S1a, approximately 50%), our results indicate that the more 
exaggerated response in SDS-treated MREKO mice is due to the lack of epidermal MR 
and not to changes in GR expression. 
 
MR plays an anti-inflammatory role in skin through NF-B inhibition 
The response to PMA-induced ear edema was significantly higher in MREKO relative to 
CO mice, correlating with the presence of inflammatory abscesses (Fig. 3a, asterisk; b). 
Consistently, after PMA treatment, we detected significant increases of the pro-
inflammatory cytokines Il6 and Slpi in MREKO relative to CO mice; however, Tnf 
expression was unchanged (Fig. 3c). Note that PMA treatment did not significantly 
change GR expression in MREKO or CO skin (Fig. S1b), suggesting that its effects are 
directly related to epidermal MR absence. We also assessed cytokine expression in 
cultured keratinocytes and detected significant increases in TnfIl6 and Slpi in vehicle 
and PMA-treated MREKO versus CO cells (Fig. 3d). The fact that the PMA-induced 
cytokine expression observed in MREKO skin was recapitulated in cultured keratinocytes 
demonstrates that the anti-inflammatory function of MR is keratinocyte-specific. 
Given the crucial role of NF-B in skin inflammation, we assessed its activation 
upon PMA treatment in CO and MREKO cultured keratinocytes by measuring the 
activity of a B-luciferase reporter construct (Fig. 3e). For comparative purposes, and 
given the well-known anti-inflammatory function of GR in keratinocytes (Busillo and 
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Cidlowski, 2013; Sevilla et al., 2013), we also used epidermal GR knock-out cells 
(GREKO, Latorre et al., 2013). The B-luciferase activity was four-fold higher in MR-
deficient cells relative to CO, and similar to that observed in GR-deficient keratinocytes 
(Fig. 3e). Remarkably, our findings indicate that both nuclear receptors play anti-
inflammatory roles in keratinocytes and that one cannot compensate for the other’s 
absence.  
 
Normal cutaneous wound healing requires MR 
The importance of correct regulation of GC levels in skin wound repair is well known 
as chronic GC treatments delay this process (Beer et al., 2000; Stojadinovic et al., 2005; 
Pastar et al., 2014). It is also widely recognized that epidermal keratinocytes are able to 
synthesize GCs in response to wounding; consistently, local blockade of GC production 
using inhibitors of 11b-hydroxysteroid dehydrogenase type 1 accelerated wound healing 
(Vukelic et al., 2011; Tiganescu et al., 2013; Youm et al., 2013, Slominsky et al., 2014). 
Keratinocytes play a major role in the healing response by proliferating and 
migrating into the wound (re-epithelialization), thus restoring the epidermis after injury 
(Pastar et al., 2014). We examined the healing response in MREKO and CO mice by 
performing full-thickness dorsal wounds. Quantitation of wound closure showed no 
statistically significant variation among genotypes (Fig. 4a). The percentage of re-
epithelialization at d 7 was also similar in MREKO relative to CO despite increased 
keratinocyte proliferation (Fig. 4b, c). This may be due to defective keratinocyte 
migration in MREKO wounds, which exhibited unorganized structure and abnormal K6 
localization (Fig. 4d). In addition, quantitation analysis of 7d trichromic stained wounds 
demonstrated statistically significant reduction of collagen deposition (around 45%) in 
MREKO vs CO (Fig. 4d, e). Note that no statistically significant differences were found 
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in untreated MREKO relative to CO mice (Fig. S2), suggesting that MR mainly 
contributes to these differences only in pathological conditions. 
Wound scratch experiments demonstrated retarded cell migration of MREKO 
keratinocytes at all time points examined (Fig. 4f, g). Moreover, treatment of CO 
keratinocytes with the MR pharmacological antagonist eplerenone also elicited 
significant delays in keratinocyte migration at 8-30h post-wounding (Fig. S3), further 
confirming that these effects are due to MR inactivation and not related to differences 
between cell lines. Overall, our results demonstrate that epidermal inactivation of MR 
does not improve wound healing but rather results in alterations in keratinocyte 
migration and reduced dermal remodeling. 
 
Epidermal MR inactivation partially protects against GC-induced skin atrophy 
We assessed whether skin atrophy caused by continuous GC treatments might be 
mediated by epidermal MR. CO mice topically treated with the GC analog 
dexamethasone (Dex) showed epidermal thinning, decreased keratinocyte proliferation, 
reduced expression of K5, and repression of Cyclin d1 (Ccnd1) (Fig. 5a, c, d). In 
contrast, in MREKO mice, Dex inhibition of keratinocyte proliferation was partially 
reversed and there was no repression of Ccnd1. It has been widely reported that both 
Krt5 and Ccnd1 are target genes negatively regulated by GR, partly accounting for GC 
anti-proliferative actions in several cell types including keratinocytes (Radoja et al., 
2000). Since GR expression did not change in Dex-treated MREKO or CO mouse skin 
(Fig. S1c), our findings indicate that MR also participates in gene repression and that 
GR is not sufficient to mediate this process. Our data are in agreement with a recent 
report demonstrating that combined treatments using GCs plus a pharmacological MR 
antagonist partially reversed the GC-induced epidermal atrophy (Maubec et al., 2015). 
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We next assessed the expression of Col1a1 in basal conditions and found 
significant increases in MREKO relative to CO skin (Fig. 5e). However, Dex treatments 
reduced Col1a1 mRNA to similar levels in both genotypes (Fig. 5e). Since other reports 
described that MR contributes to collagen deposition in dermal fibroblasts (Mitts et al., 
2010) it is possible that the atrophogenic effects of Dex are also due to MR activation in 
other cell types besides keratinocytes. Thus, contrary to other tissues in which MR 
blockade is beneficial to combat fibrosis (e.g., renal and cardiovascular pathologies), 
epidermal MR inactivation does not have an impact on cutaneous fibrosis (Fig. S2 and 
5e). Although MR inactivation in skin can be beneficial by partially counteracting GC-
associated undesired effects, our findings highlight that it can also have adverse 
consequences in this tissue in response to stressors. Therefore, prior to the use of MR 
antagonists the distinct cell-type specific functions of this nuclear receptor must be 
taken into account (Gomez-Sanchez, 2016).  
 
MR is required for transcriptional up-regulation of GC-target genes in 
keratinocytes 
We next analyzed whether keratinocyte MR inactivation had an impact on Dex-induced 
transcriptional responses by measuring the activity of a GRE-luciferase reporter in 
MREKO and CO keratinocytes. In CO cells, Dex treatment induced an increase of GRE-
luciferase activity of approximately 8-fold, which was decreased in MREKO cells by 
around 40% (Fig. 6a). Further supporting the functional role of MR in mediating GC 
transcriptional responses in keratinocytes, Dex-induction of GRE-luciferase activity in 
CO cells was significantly decreased in the presence of eplerenone by approximately 
50% (Fig. S4). 
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Transfection of increasing amounts of HA-MR in MREKO cells restored the 
transcriptional response to baseline levels (Fig. 6a, b). It must be noted that Dex 
effectively induced both MR and GR nuclear translocation in HA-MR transfected cells 
as shown by immunofluorescence (Fig. 6c, see merge). Importantly, the total and 
phosphorylated levels of GR were similar in MREKO relative to CO cells (Fig. 6b, d) 
indicating that there was no functional compensation by GR. 
To understand how MR loss impairs GC-transcriptional responses in 
keratinocytes, we focused on Tsc22d3/Gilz, a classic target gene of both MR and GR 
that is induced by Dex in many cell types (Ronchetti et al., 2015). In keratinocytes, we 
previously demonstrated that Dex up-regulates Gilz by inducing GR recruitment to 
HRE-containing regulatory sequences (Sevilla et al., 2015). Consistent with the reduced 
transactivation of GRE-luciferase assays, Dex induction of Gilz mRNA levels was 
significantly reduced in MREKO vs CO keratinocytes (Fig. 6e; 1.8-fold vs 5-fold). 
Analogous to MR-deficient keratinocytes, GREKO cells were unable to induce Gilz 
mRNA levels in response to Dex (Fig. 6e).  
We then assessed GR recruitment to Gilz regulatory sequences after Dex 
treatment in MREKO and CO cells by chromatin immunoprecipitation (ChIP)-QPCR 
assays and detected a significant decrease of GR binding in MREKO keratinocytes (Fig. 
6f). This together with the fact that MR reinsertion into MREKO keratinocytes restored 
GC-mediated transactivation demonstrates that MR is necessary for optimal GC 
transcriptional regulation. To dissect further the relative contribution of MR and GR in 
GC-transactivation, we used GREKO keratinocytes. Upon HA-MR transfection, Dex 
increased GRE-luciferase activity about 40-fold (Fig. 6g, h), demonstrating that MR is 
transcriptionally functional even in the absence of GR. However, GR transfection in 
GREKO cells increased GRE-luciferase activity to a much higher extent (around one 
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order of magnitude) than MR, and co-transfection of both receptors did not produce an 
additive effect (Fig. 6g, h). Overall, our results indicate that both MR and GR are 
required to modulate transcriptional regulation in response to GCs.  
Altogether, our findings support complex roles for epidermal MR in healthy and 
diseased skin. Epidermal MR inactivation disturbed skin homeostasis increasing the 
sensitivity to barrier disruption and inflammation. The observed increased activation of 
pro-inflammatory TFs such as STAT3 and NF-B highlights an anti-inflammatory 
function for MR in keratinocytes. In addition to its protective roles, epidermal MR 
partially mediated GC-induced epidermal thinning. Our in vitro studies also 
demonstrated that MR inactivation in keratinocytes significantly impaired GC-
dependent transactivation at least partly due to reduced GR recruitment to HRE-
containing target genes. Overall, our data support common and distinct roles for MR 




MATERIALS AND METHODS 
 
Animal experimentation and treatments 
Animal experimentation was conducted according to current Spanish and European 
regulations and approved by our institution’s ethics committee (SAF2011-28115 and 
SAF2014-59474-R). MRloxP/loxP and K5-Cre mice have been reported (Berger et al., 
2006; Ramírez et al., 2004). Intercrosses of these mice led to the double transgenic K5-
cre+/-//MRloxP/loxP or MREKO; 0Cre//MRloxP/loxP mouse littermates were used as controls. 
Genotyping was performed using primers in Table 1. 
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Topical treatments included Dex (8g/200l; for 48h or for 7d every 48h; 
Sigma Chemical Co., St. Louis, MO), and SDS (10%/100l daily for 5d; Merck, 
Darmstadt, Germany). PMA (8g/50l; Sigma) was applied to both sides of mouse 
ears 48h prior to sacrifice. To assess cellular proliferation, mice were injected with 
BrdU 1 h prior to sacrifice (130 g/g of body weight, Sigma). 
 For cutaneous wounding assays, full-thickness wounds (n=4 wound per mouse) 
were performed (6 mm, Biopsy punch, Stiefel, Brentford, UK) in female MREKO and 
CO littermates (n= at least 7 mice per genotype), and wound areas were recorded daily, 
as described (Sanchis et al., 2012). Mice were sacrificed 7 d post-wounding. 
 
Histological analysis 
Dorsal skin or ear samples were collected, fixed in 70% ethanol and paraffin-embedded 
for histopathological analysis (Sevilla et al., 2013). See supplementary information for 
quantitation analyses. 
 
Immunoblotting and Antibodies 
Immunoblotting was performed as described (Sevilla et al., 2013). Mouse monoclonal 
antibodies used were specific for HA (HA-11, Biolegend, San Diego, CA), and tubulin 
(T6199, Sigma). Rabbit polyclonal antibodies used were specific for GR (sc-1004, 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), actin (A-2066, Sigma), p-GR 
(Ser211; #4161), STAT3 (#9132), and p-STAT3 (Tyr705 D3A7; #9145) (Cell 
Signaling Technology Inc., Beverley, MA). Goat anti-S100A9 was from R&D Systems, 
Minneapolis, MN. Secondary peroxidase-conjugated anti-rabbit (NA934) and anti-
mouse (NA931) antibodies were from GE Healthcare.  
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 Rabbit polyclonal antibodies against K5 (PRB-160P), K6 (PRB-169P), and 
loricrin (PRB-145P) (Biolegend), and mouse anti-BrdU (Clone BMC 9318, Roche 
Diagnostics, Mannheim, Germany) were used. Secondary biotin-conjugated anti-rabbit 
or anti-mouse antibodies (Jackson ImmunoResearch) and secondary Alexa Fluor® anti-




See supplementary information for details of generation and maintenance of cell lines. 
Cultured keratinocytes were grown overnight in medium containing charcoal-stripped 
serum prior to Dex treatment, to deplete steroid hormones, then treated with Dex (100 
nM), PMA (100nM), or eplerenone (Sigma, 10 µM) at the indicated times. To induce 
terminal differentiation, keratinocytes were incubated with medium containing 1.2 mM 
CaCl2 for 72h. 
 
RNA isolation, Quantitative RT-PCR, and Chromatin immunoprecipitation (ChIP) 
RNA isolated from mouse dorsal skin, ear or cultured keratinocytes using Trizol 
(Thermo Fisher) was used to generate cDNA using RevertAid H Minus Reverse 
Transcriptase (Thermo Fisher) for qPCR that was performed as described using specific 
oligonucleotides (Sevilla et al. 2015; Table S1). 
ChIP experiments were performed using adult keratinocyte cell lines as 
described (Sevilla et al., 2015). The QPCR was performed to determine the relative 
amplification of specified genomic sites in Dex vs mock-treated ChIPs, which were 




Experimental data were analyzed using Microsoft Excel and IBM SPSS Statistics 23 
software. In all graphs, unless otherwise mentioned, mean values ± SD are shown. 
When statistical analysis was performed with relative values, data were first subjected 
to logarithmic transformation. Prior to parametric testing, the Levene’s test was used to 
determine whether samples within groups had equal variance. For comparisons between 
two experimental groups, we used the Student’s unpaired two-tailed t-test. For 
comparisons among more than two experimental groups, we used the one-way ANOVA 
which if statistically significant was followed by a post hoc Tukey multiple comparison 
test. P values less than 0.05 were considered statistically significant. 
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Figure 1. Inactivation of the Mineralocorticoid Receptor in mouse epidermis 
(MREKO) results in increased keratinocyte proliferation and differentiation. 
(a) Scheme depicting generation of MREKO (K5-cre//MRloxP/loxP) mice by intercrossing 
K5-Cre males that express the Cre recombinase under control of the keratin 5 (K5) 
promoter and MRloxP/loxP females that have the third exon of the MR gene flanked by 
loxP sequences. (b) Agarose gel showing specific bands from genotyping of MREKO, 
MRloxP/loxP, or MRloxP/+ mice. (c) qRT-PCR showing Nr3c2 (MR) mRNA levels in 
epidermal keratinocytes from MREKO and MRloxP/loxP (CO) littermates. Student’s t-test; 
***, p<0.001; n=at least 4 mice per genotype. (d) Immunostaining of MREKO and CO 
adult skin sections; LOR, loricrin; K6, keratin 6. Bar: 100 m. *, abnormal K6 staining; 
<, focal increases of LOR. (e) Quantification of epidermal thickness in MREKO (n=12) 
and CO (n=11) mice. Student’s t test; ***, p<0.001. (f) Percent BrdU-positive 
keratinocytes. Student’s t-test; *, p<0.05, n=5 per genotype. (g) Growth kinetics of 
MREKO and CO keratinocytes. Student’s t-test; **, p<0.01, n=4 per genotype and time 
point. (h-i) CO and MREKO keratinocytes treated with 1.2 mM calcium for 0 or 72h. 
Differentiation-associated morphological changes (h); asterisks, cornified envelopes. 
Bar: 50 μm. Gene expression assessed by qRT-PCR (i). Post hoc Tukey test *, #, 
p<0.05; ***, ###, p<0.001, n=3-5 per genotype and time point. Asterisks: significance 
between time points within each genotype; hashes: significance between genotypes at 
the same time point. c, e-g, i: Mean values ± SD are shown.  
 
Figure 2. Loss of MR causes increased epithelial damage after SDS treatment. 
(a) H&E staining and K6 immunostaining of CO and MREKO dorsal skin sections 
treated with vehicle (V) or 10% SDS; brackets, epidermal thickness; asterisks, 
hyperkeratosis. Bar: 100 m. (b, c) Quantification of epidermal thickness (b) and BrdU-
positive keratinocytes (c) in V and SDS-treated mice. (d-e) Representative immunoblots 
(upper) and quantitations (lower) for S100A9 (d), phospho(p)-STAT3 and STAT3 (e). 
Loading control: Actin. b-e: Mean values ± SD are shown. n= at least 4 mice per 
genotype and treatment. Post hoc Tukey test #, p<0.05; **, ##, p<0.01; ***, ###, 
p<0.001. Asterisks: significance between treatments within each genotype; hashes: 
significance between genotypes in the same treatment group. 
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Figure 3. MREKO mice and cultured keratinocytes show increased PMA-induced 
inflammation.  
(a-b) H&E-stained sections and ear thickness quantification of CO and MREKO mouse 
ears treated with vehicle (V, n=4 per genotype) or PMA (n=8 per genotype) for 48h; 
asterisks, inflammatory abscesses. Bar: 100 m. Post hoc Tukey test *, #, p<0.05; ###, 
p<0.001. (c-d) Gene expression of Tnfa, Il6 and Slpi assessed by qRT-PCR in V and 
PMA-treated (n=3 per genotype and treatment) CO and MREKO ears (c; Student’s t-test; 
*, p<0.05) or keratinocytes (d; Post hoc Tukey test #, p<0.05; ##, p<0.01; ***, ###, 
p<0.001; n=3 per genotype and treatment). Asterisks: significant differences upon 
treatment within each genotype; hashes: significant differences between genotypes in 
the same treatment group. (e) Activation of NF-B-luciferase reporter in CO, MREKO, 
and GREKO keratinocytes upon PMA treatment. Post hoc Tukey test ***, p<0.001; at 
least n=4 per genotype. b-e: Mean values ± SD are shown. 
 
 
Figure 4. Impaired cutaneous wound healing in MREKO mice due to defective 
keratinocyte migration. 
(a) Healing of full-thickness dorsal wounds was monitored for 7 d and percent area of 
wound closure quantitated. (b-c) Percentage of re-epithelialization (b) and percent 
BrdU-positive keratinocytes at d7 post-wounding. (d) H&E staining, K6 expression, and 
collagen deposition (MTC, Masson’s trichrome staining) in CO and MREKO wounds; 
arrows, original wound edges; <, collagen. Bar: 100 m. (e) Quantitation of relative 
collagen deposition. a-e: Mean values ± SD are shown; n= 7 CO and 9 MREKO mice. 
Student’s t test; *, p<0.05. (f-g) CO and MREKO keratinocyte monolayers were 
evaluated for wound closure at indicated times following scratching. Bar: 50 μm. Graph 
(g) shows the average of wound closure ± SD. Student’s t test; ***, p<0.001, n=8 per 
time-point and genotype.  
 
 
Figure 5. Epidermal MR inactivation partially protects against Dex-induced skin 
atrophy. 
(a-b) Dorsal CO and  MREKO skin was treated with vehicle (V) or Dex for 7 d. H&E 
staining and K5 expression (a) in skin sections; arrows, epidermal thinning. Collagen 
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deposition (b) evaluated by Masson’s trichrome staining. Bar: 100 m. (c) Percent 
BrdU-positive keratinocytes after 48h of Dex treatment. (d-e) qRT-PCR assessing 
Cyclin D1 (Ccnd1, d) and Collagen 1a1 (Col1a1, e) expression in CO and MREKO skin 
treated with V or Dex (48h for Ccnd1 and 7 d for Col1a1). c-e, Mean values ± SD are 
shown; n=3 per genotype and treatment. Post hoc Tukey test *, #, p<0.05; **, p<0.01; 
***, ###, p<0.001. Asterisks: significant differences upon treatment within each 
genotype; hashes: significant differences between genotypes in the same treatment 
group.  
 
Figure 6. Loss of MR in keratinocytes decreases transcriptional up-regulation of 
GC-target genes. 
(a) Fold-activation of GRE-luciferase (GRE-luc) in Dex- relative to vehicle-treated CO 
and MREKO keratinocytes after transfection with empty vector (EV) or HA-MR. n=9 per 
genotype and treatment. (b) Immunoblotting showing HA-MR and GR in untreated 
transfected cells; loading control: Actin. (c) Immunofluorescence of HA-MR transfected 
CO keratinocytes. HA, green; GR, red; overlay (DAPI, blue). Bar: 20 m (d) 
Immunoblot showing GR and p-GR in vehicle- and Dex-treated CO and MREKO 
keratinocytes; loading control: Tubulin (TUB). (e) qRT-PCR showing Gilz expression 
in CO, MREKO and GREKO keratinocytes treated with vehicle or Dex. n=3 per genotype 
and treatment. (f) ChIP qPCR assessing GR recruitment to Gilz regulatory sequences in 
vehicle- or Dex-treated CO and MREKO keratinocytes. n=4 per genotype and treatment. 
(g) Activation of GRE-luc reporter in GREKO cells transfected with EV, MR, GR, or 
both in response to Dex. (h) Immunoblot shows expression of HA-MR and GR in 
untreated transfected cells; loading control: Actin. a, e-g: Mean values ± SD are shown. 
Post hoc Tukey test *, #, p<0.05; **, ##, p<0.01; ***, ###, p<0.001 Asterisks: 
significant differences upon treatment within each genotype; hashes: significant 














E1β E1α E2     E3  E4 E5  E6 E7 E8            E9 
E1β E1α E2     E3  E4 E5  E6 E7 E8            E9 






































































































































































































































































































































































































































































































































































































































































































































































































CO MREKO CO MREKO
e













































































































































































































































































































































V          Dex V          Dex







































V       PMA           V           PMA
Boix_Fig S1
Fig S1. Nr3c1 expression does not change in MREKO relative to CO mouse skin under different
experimental conditions. Relative Nr3c1 levels determined by qRT-PCR in CO and MREKO dorsal skin
subjected to different treatments prior to collection. (a) Daily application of vehicle (V) or SDS for 5 d; n=3
per genotype and treatment. A single treatment with V or PMA followed by 48h; n=4 CO, n=5 MREKO per
genotype and treatment. (c) Treatment with V or Dex every 48h for 7 d; n=3 per genotype and treatment.








































Fig S2. Collagen deposition does not change in MREKO
relative to CO mouse skin. Relative collagen deposition
represented as the integrated density was measured in






































Fig. S3. Treatment of CO keratinocytes with the MR antagonist
Eplenerone delays cell migration. CO keratinocyte monolayers were treated
with vehicle (V) or eplerenone (E, 10 µM) 24h before scratching; after wound
scratch, additional treatments were performed with V or eplerenone for the
duration of the experiment. Wound closure was evaluated at indicated times.
Graph shows the average of wound closure ± SD. Student’s t test; *, p<0.05,





































Fig. S4. Treatment of CO keratinocytes with the MR antagonist
Eplenerone diminishes Dex induction of GRE-luciferase reporter.
Activation of GRE-luciferase (GRE-luc) in CO cells treated as indicated.
Cells were pre-treated with vehicle or eplenerone (Eple, 10 µM) 16h
before further incubation with vehicle (V) or Dex (100 nM) for 5h. Post
hoc Tukey test ***p<0.001 relative to V treatment; ### p<0.001 among















Table S1. Primer sequences for genotyping, RT-QPCR, and ChIP 
Genotyping
Gene  Primer name  Sequence  Band size MRwt/wt  Band size MRflox/flox  Band size MRKO/KO 
Nr3c2  MR_F  CTGGAGATCTGAACTCCAGGCT  285bp (primers F‐RA)  335bp (primers F‐RA)  390bp (F‐RB) 
Nr3c2  MR_RA  TAGAAACACTTCGTAAAGTAGAGCT 
Nr3c2  MR_RB  CCTAGAGTTCCTGAGCTGCTGA 
RT qPCR       
Gene symbol  Forward sequence  Reverse sequence  product bp 
Ccnd1  CATCAAGTGTGACCCGGACTG  CCTCCTCCTCAGTGGCCTTG  116 
Col1a1  CTAAGGGTACCGCTGGAGAAC  GGGACCTTGTTCACCTCTCTC  155 
Defb1  CCTCATCTGTCAGCCCAACT   GTGAGAATGCCAACACCTGG   148 
Hprt1  TCAGTCAACGGGGGACATAAA  GGGGCTGTACTGCTTAACCAG  142 
Il6  GATGCTACCAAACTGGATATAATC   GGTCCTTAGCCACTCCTTCTGTG   269 
Nr3c1  TGCTATGCTTTGCTCCTGATCTG  TGTCAGTTGATAAAACCGCTGCC  299 
Nr3c2  GTGGACAGTCCTTTCACTACCG  TGACACCCAGAAGCCTCATCTC  286 
Slpi  TGGCACCCTGGACTGTGGAAGG  CCCGTCCCTCTGGCAGACAT  278 
Sprr2d  TGGTACTCAAGGCCGAGA  TTTGTCCTGATGACTGCTGAAGAC  336 
Tnfa  CCCTCACACTCAGATCATCTTCT  GCTACGACGTGGGCTACAG  61 
Tsc22d3/Gilz  CTGTTGGCCTCGACTGCTG  GCCGAAAGTTGCTCACGAAG  111 
ChIP qPCR         
Gene symbol  Coordinates (Genome build mm9)  Forward sequence  Reverse sequence  product bp 
Tsc22d3/Gilz  chrX:137063820‐137063910  GGAGGGAATGCAACTGGGAG  CCCCTCCCTTGAATGCTGAA  91 
SUPPLEMENTARY INFORMATION 
SUPPLEMENTARY METHODS 
Quantitative analyses of histological samples 
To assess epidermal thickness, ear edema, and collagen deposition, images of H&E 
stained skin sections or Masson’s Trichrome (Sigma) stained-sections were used 
(IMAGE J software, Rasband, W.S., ImageJ, U. S. National Institutes of Health, 
Bethesda, Maryland). At least five photomicrographs were taken of each section and at 
least five measurements were taken from each photomicrograph, following a method of 
semi-randomization, which excluded altered zones. A Leica DM1000 microscope, a 
Leica EC3 camera and Leica LAS EZ software (Leica Microsystems, Wetzlar, 
Germany) were used. To quantitate collagen deposition, the integrated density of 
collagen fibers (product of area occupied by collagen and mean collagen intensity) was 
determined. In skin wounds, images were taken from the newly formed dermis under 
the original wound. 
Generation of cell lines 
CO and GREKO cell lines were previously described (Sevilla et al., 2013). 
Adult MREKO keratinocyte cell lines were generated from 8-wk-old female 
mouse dorsal skin, following established protocols (Romero et al., 1999; Reichelt and 
Haase, 2010). Briefly, keratinocytes were isolated following overnight incubation of 
skin with 0.25% trypsin-PBS at 4oC and cultured on mitomycin C treated J2-3T3 
feeders in type I collagen-coated flasks in DMEM-Ham’s F12 (3:1) medium (Thermo 
Fisher; Biowest, Nuaillé, France) supplemented with 1.8 × 10−4 mol/l adenine (Sigma), 
0.35 mM calcium, 7.5% FBS Gold (Biowest), 100 U/ml penicillin/100 μg/ml 
streptomycin (Biowest), 2 mM glutamine (Biowest), 0.25 μg/ml amphotericin B 
(Biowest), 5 μg/ml insulin (Sigma), 10−10M cholera toxin (Sigma) and 10 ng/ml EGF 
(Peprotech, Rocky Hill, NJ). Following approximately 7-10 passages, spontaneously 
immortalized lines arose. Immortal cell lines were maintained using the conditions 
described above. 
 
Transfection and Luciferase assays 
Keratinocytes at 70-90% confluence were transfected with combinations of the 
following plasmids: pCDNA4 (Thermo Fisher), pCDNA4-HA-MR (Aguilar-Sánchez et 
al., 2012), pGRE2EIB-Luciferase (Allgood et al. 1993), pGL3-NF-5x-Luciferase 
(Torres and Watt, 2008), and the internal control pRL-SV40 Renilla (Promega) using 
Lipofectamine 2000 Reagent (Thermo Fisher). 24h after transfection, cells were treated 
with 100 nM Dex for 5 h or 100 nM PMA for 6h. Where indicated, cells were pre-
treated 16 h with eplerenone (10 µM). Luciferase activity was measured using the dual 
luciferase assay system (Promega) and a Wallac Victor2 1420 multilabel counter. 
Firefly-luciferase levels were normalized to those of Renilla luciferase. 
 
Immunofluorescence 
For immunofluorescence, cells were grown on collagen I-coated coverslips, and 
analyzed using a confocal microscope (Espectral Leica TCS SP8; Latorre et al., 2013). 
Images were processed using IMAGE J software and are presented as maximum 
projections of Z stack series. 
 
Growth curve 
500 CO and MREKO keratinocytes were plated per well of a 96-well plate (n=4 per 
genotype and time point). On day 0, 3, 5 and 7, 20 µl per well of CellTiter 96® 
AQueous One Solution Cell Proliferation Assay Reagent (Promega Corp., Madison, 
WI) was added and incubated for 3h at 37°C. Absorbance was measured at 490nm using 
a Wallac Victor2 1420 multilabel counter.  
 
Wound scratch assays 
Confluent cells were treated with mitomycin C (Sigma, 4g/ml, 1h) before scratching 
cell monolayers with sterile white pipette tips. Following wounding, the percentage of 
cell migration was determined in photomicrographs taken at each time point (Sanchis et 
al., 2012). Results are average of n=8-9 biological replicates per genotype or treatment. 
Eight images were taken along each wound scratch per time point for subsequent 
analysis (Adobe Acrobat 8 Professional). 
To evaluate keratinocyte migration in response to eplerenone (10 µM), cells 
were preincubated 24 h before scratching; then, additional treatments were performed 
with vehicle or eplerenone for the duration of the experiment. 
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